[Abstract] To advance the understanding of microbial interactions, it is becoming increasingly important to resolve the individual metabolic contributions of microorganisms in complex communities. Organisms from biofilms can be especially difficult to separate, image and analyze, and methods to address these limitations are needed. High resolution imaging secondary ion mass spectrometry (NanoSIMS) generates single cell isotopic composition measurements, and can be used to quantify incorporation and exchange of an isotopically labeled substrate among individual organisms. Here, incorporation of EOM by two groups, cyanobacteria and associated heterotrophic microbes, are quantified. Methods for generating, preparing, and analyzing samples for quantifying uptake of stable isotope-labeled EOM in the biofilm are described.
b. Remove 4% PFA and rinse biofilms carefully a minimum of 3 times with sterile H2O.
Note: It is important to thoroughly remove salt and fixatives, as these interfere with
NanoSIMS measurements.
c. Store biofilms in 50% EtOH, in enough volume to cover the biofilms, at -20 °C.
Note: Fixed biofilms can be stored under these conditions for up to a few years.
Prepare fixed biofilm samples for microanalysis and imaging
a. Using a pipet tip, transfer a piece of fixed biofilm into a sterile tissue grinder containing 1 ml of sterile H2O.
b. Grind gently to break up biofilm and transfer to a 1.7 ml microcentrifuge tube.
c. Centrifuge at 10,000 x g for 1 min, remove supernatant and add 1 ml of sterile H2O. Repeat rinse process, remove supernatant and then resuspend in 10 µl of 50% EtOH. These steps help to remove excess extracellular organic matter that adheres to cell surfaces. This organic matter can interfere with NanoSIMS analysis of cellular uptake.
d. For mixed species biofilms (i.e., non-axenic mixtures of bacteria and cyanobacteria), the centrifugation speed must be high enough or long enough to collect bacterial cells in addition to filaments (e.g., 15,000 x g, and/or more than 20 min).
www.bio-protocol.org/e2263 e. Under a dissecting microscope, gently score silicon wafers with a diamond scribe to create a ~2 x 2 mm spaced grid (see Figure 1A ). Pipet 1-2 µl of sample onto one square of the grid, let dry and examine under the microscope-aim for approximately 30 filaments per spot, if there are too many or too few, wash off sample and concentrate/dilute sample in tube as necessary. In the ideal preparation, cells should form a monolayer, with minimal overlap or clumping.
f. Replicate samples and treatments may be pipetted into additional grid squares; they should be close together, without risking overlap.
g. Dry samples overnight or longer at room temperature, protected from dust and humidity.
h. Optional: image with an epifluorescence microscope to assess cell density and configuration. Be aware that fluorescence imaging may not be performed after metal coating. Table 1 . Scale bars for (B-E) are 10 µm.
www.bio-protocol.org/e2263 4. Select analysis targets and image at low, medium and high magnification (100x, 500x, 3,000x).
a. Choose locations where multiple filaments are adjacent or overlap, but are still clearly distinguishable (see Figure 1B) .
Note: Overlapping filaments will allow for analysis of 2-3 filaments in one analysis window, maximizing NanoSIMS analysis time, however, if they are not clearly distinguishable this
will compromise the analysis. would be reasonable for a 10 x 10 µm raster, and 256 2 pixels for a 25 x 25 µm raster.
c. Pre-analysis sputtering: typically, a high-current Cs + beam is rastered over the sample before data collection to enhance and stabilize the secondary ion count rate from the sample.
The sample is sputtered to approximately twice the depth of Cs + implantation, which is on the order of 60 nm. One can estimate the necessary duration of sputtering based on the sputter rate ( ), primary ion beam current (I), sputtering time (t), raster area (A) and sputtered depth (d):
For biological materials, the sputter rate may be estimated as 2.5 nm µm 2 pA -1 sec -1 (Ghosal et al., 2008) . Longer pre-analysis sputtering may be necessary to remove residual materials www.bio-protocol.org/e2263
Vol 7, Iss 09, May 05, 2017 DOI:10.21769/BioProtoc.2263 from cell surfaces. The optimal duration of sputtering can be determined empirically by monitoring count rates and isotopic ratios with depth.
d. Analysis duration, which should be timed according to the number of counts needed from the smallest target to achieve sufficient analysis precision; 10,000 counts of the minor isotope will result in ~1% analysis precision. 
Notes

Data analysis
1. Analysis of NanoSIMS ion images requires special software that can quantitatively process the images on a pixel by pixel basis. Several software packages are available (e.g., LIMAGE [L.
Nittler, Carnegie Institution of Washington, DC]), including free versions. the initial ratio, the measured ratio in killed controls or no-isotope added controls. C2 counts in an ROI).
c. Ri is the isotopic ratio in the initial biofilm, from NanoSIMS measurement (i.e., a time zero sample or killed control ratio in an ROI).
d. Rs is the isotopic ratio in the substrate added. This can be obtained by IRMS, or if using a purchased substrate, from the manufacturer.
6. Net fixation can be extrapolated to calculate the average net μg C or N assimilated per biofilm using biovolume measurements on the biofilms.
a. C content can be estimated using biovolume-to-carbon conversion factors from the literature (e.g., 2.2 x 10 -13 g C/μm 3 for bacteria and 1.8 x 10 -13 g C/μm 3 for filamentous diazotrophic cyanobacteria) (Bratbak, 1985; Goebel et al., 2008) , and then used to calculate average µg C in the biofilm. 
